This study illustrates the substantial benefits that can be obtained by properly tuning the properties of a metal-oxide interface in catalysts for methanol synthesis. In a metal-oxide interface, one can have adsorption/reaction sites with complementary chemical properties (14, 26) , truly bifunctional sites that would be very difficult to generate on the surface of a pure metal or alloy system (2, 9, 27). 736-739 (2011). 27. F. Studt et al., Nat. Chem. 6, 320-324 (2014.
We demonstrate that a seismic analysis of stars in their earliest evolutionary phases is a powerful method with which to identify young stars and distinguish their evolutionary states. The early star that is born from the gravitational collapse of a molecular cloud reaches at some point sufficient temperature, mass, and luminosity to be detected. Accretion stops, and the pre-main sequence star that emerges is nearly fully convective and chemically homogeneous. It will continue to contract gravitationally until the density and temperature in the core are high enough to start nuclear burning of hydrogen.We show that there is a relationship for a sample of young stars between detected pulsation properties and their evolutionary status, illustrating the potential of asteroseismology for the early evolutionary phases.
T he earliest phases in the lives of stars determine their future fate. For example, the production of chemical elements, which are used to trace the history of galactic evolution, depends on the initial mass and metallicity of young stars. Also, the angular momentum obtained during the birth process is vital for the further stellar life. Therefore, understanding the physical processes that occur during the earliest stages of stellar evolution is essential.
During the early evolutionary phases, after the star's appearance on the birthline (1-3), the central temperatures and densities are not yet high enough to initiate substantial nuclear burning; hence, the early star derives all of its energy (heat and radiative) from the release of gravitational potential energy. The interior structure undergoes several changes as the temperature rises, and in general, the opacities decrease (1). Initially, the higher opacities and the outward transportation of the released gravitational energy force the star to be nearly fully convective. But as the star heats up and the opacities drop, a radiative core develops. At this point, the star leaves the Hayashi track (4) and follows the Henyey track (5), moving leftward to hotter surface temperatures in the evolutionary diagram. Eventually, the star's central regions become hot enough for nuclear burning to occur. Models predict that for intermediate-mass stars [with 1.5 to 8 solar masses (M ⊙ )], just before the star reaches this nuclear burning stage, called the main-sequence (MS) phase, there is a "bump" or brief period of nuclear burning during which carbon is "burned" by the CNO cycle (a chain of hydrogen burning reactions catalyzed by the presence of C, N, and O) until C and N reach nuclear burning equilibrium. As this happens, the star's core briefly becomes convective, and the star's luminosity increases. Shortly thereafter, the star resumes its contraction onto the zero-age main sequence (ZAMS), when nuclear burning of hydrogen reignites and remains the dominant source of energy throughout most of the rest of the star's life. The precise definition of the ZAMS is critical when comparing ages of young stars. Here, we define the ZAMS as the time after the CN equilibrium burning bump, when the nuclear burning accounts for at least 1% of the total luminosity of the star.
For pre-main sequence (pre-MS) stars with 1.5 to 4 M ⊙ , the interior structure will become unstable to acoustic oscillation modes at some point during their evolution along the Henyey track. These can be observed at the surface as periodic variations in luminosity and temperature or as Doppler shifts of spectral lines. So for at least some pre-MS stars, it is possible at some evolutionary stages to use asteroseismology to explore their structure and evolution. The pre-MS stars addressed in this study show coherent self-excited low-radial-order pressure ( p) modes (6), with periods from~18 min up to 6 hours. Until 2008, only 36 of them were known (7); through 2011, the number increased substantially to more than 60 (8) through the use of dedicated groundbased observations and high-precision time-series photometry obtained with the Microvariability and Oscillations of Stars (MOST) (9) and Convection, Rotation et Transits planétaires (CoRoT) (10) satellites. Although the pulsations of pre-MS stars could be studied in relative detail, little information was available concerning the stars' fundamental astrophysical properties-such as effective temperature (T eff ), surface gravity (log g), luminosity, mass (M), projected rotational velocity (vsini), and metallicity ([Fe/H])-due to the lack of spectroscopic measurements for this type of object.
Our sample comprises 34 stars with confirmed pre-MS evolutionary status, pulsational variability, and accurate fundamental parameters determined from detailed spectroscopic analyses. We assessed the pre-MS status of the stars in our sample in two different ways: through their membership in open clusters known to be younger than 10 million years, which ensures that 1.5 to 4 M ⊙ stars have not reached the ZAMS yet, or through their identification as Herbig Ae stars (11) , which are associated with star-forming regions.
The pulsational properties of the sample stars were determined from ground-and space-based observations. For 19 stars, high-precision space photometry from the MOST (9) and CoRoT (10) satellites was used to investigate the pulsations. For eight of those (HD 261737, HD 262014, HD 262209, HD 37357, NGC 2244 45, NGC 2244 183, NGC 2244 271, and NGC 2244 399), the pulsational variability was discovered in the course of this study, whereas the seismic properties for the remaining 11 objects observed from space have been described in previous work (all references are provided in the supplementary materials). Additionally, the pulsational properties for 15 stars were taken from ground-based observing campaigns reported in the literature (all references are provided in the supplementary materials).
For the determination of the fundamental parameters, we obtained high-resolution, high-signal-tonoise ratio spectra for 27 objects of our sample to complement the variability analysis; for the other seven stars, fundamental parameters were available in the literature (supplementary materials).
To put the stars' positions in the T eff -log g plane in context to their relative evolutionary stage, we computed pre-MS evolutionary tracks with the Yale Stellar Evolution Code (YREC) (12) for solar metallicity (Z = 0.02) (Figs. 1 and 2) . We find that our sample includes stars that gain their energy solely from gravitational contraction (stars that are on the Henyey track just before arriving on the ZAMS); stars in which incomplete nuclear burnings have started (stars that are briefly burning CN, producing the short rise in the luminosity before the star settles onto the ZAMS, as discussed above); and stars close to the ZAMS in which hydrogen-burning in the cores has already started.
In general, the stellar lifetime strongly depends on the birth mass. In the case of pre-MS stars, this dependence is manifested by the KelvinHelmholtz contraction time scale (13) rather than the nuclear time scale that rules the evolution of MS stars. The 34 pre-MS stars of our sample have masses between 1.5 and 3.0 M ⊙ . Although this mass range is rather narrow, the differences in stellar ages at the ZAMS are substantial: A star with 3.0 M ⊙ needs only~8 million years from the birthline (the point at which the star emerges from the molecular cloud and mass accretion stops) until hydrogen is ignited in its core (the arrival on the ZAMS), whereas a star with 1.5 M ⊙ has a ZAMS age of~33 million years. The duration of the star formation process is thus strongly dependent on the mass of the pre-MS star. The evolution of stellar rotation rates during the pre-MS phases is poorly understood. As young stars contract during their transition from the birthline to the ZAMS, stellar evolution theory predicts an increase in their rotational velocities if angular momentum is conserved (14) . The fraction of the projected rotational velocity (vsini) over the critical breakup velocity (v crit ) for the 34 pre-MS stars (Fig. 1) indeed indicates the occurrence of higher rotation rates at the times of the first nuclear burning as compared with that of stars in the earlier stages. We find that the majority of the pre-MS stars in our sample rotates at a low to moderate fraction of their critical breakup velocity ( fig. S3) , which points to angular momentum loss by, for example, winds or star-disk coupling. Our results agree with recent results reported for Herbig Ae/Be stars in a similar mass range (15) .
The acoustic cut-off frequency is the highest frequency of a pressure mode that can still be trapped inside the star and is therefore an important seismic characteristic. Theoretical computations for pre-MS stars predict the highest values to occur close to the ZAMS (~1000 mHz or 86. ) close to the birthline (16) . For high-order pressure modes, the acoustic cut-off frequency scales with the frequency of maximum power, n max (17) . For comparison with our observational sample, we used the highest significant pressuremode frequency, f max , which is the measurable quantity in our data coming closest to the acoustic cut-off frequency computed from seismic models. Our observations indeed confirm the theoretical predictions: The coolest and least evolved stars have the lowest f max values and therefore pulsate with the longest periods ( fig. S4 ). The hottest and most evolved stars have the highest f max values and pulsate with the shortest periods. A similar relation is found when we use n max derived from our data instead of f max . In the present sample, f max ranges from 76.47 mHz (for the star HR 5999) to 970.37 mHz (for the star HD 261711).
Our sample consists of a mixture of different types of pre-MS objects (cluster members and Herbig Ae field stars) that also have different formation histories. By taking a subsample of pulsating stars that formed from the same molecular cloud and had the same initial conditions, we reduced possible ambiguities in the interpretation. In the young open cluster NGC 2264 (18, 19) , nine pulsating pre-MS members were discovered with multi-epoch observations conducted with the MOST and the CoRoT space telescopes. The pulsational variability of HD 261737, HD 262014, and HD 262209 is reported for the first time in this work (supplementary materials), and the seismic properties for V 588 Mon, V 589 Mon, HD 261230, HD 261387, NGC 2264 104, and HD 261711 have been described in previous work (all references are provided in the supplementary materials). The nine pre-MS pulsators in NGC 2264 (marked as "A" through "I" in Figs. 2 and 3 ) have different masses and are found to be in different relative evolutionary phases. Their evolutionary tracks in conjunction with their pulsational properties (Figs. 2 and 3) illustrate that the least-evolved stars pulsate slower (V 589 Mon) than do the objects that are already located closer to the ZAMS (HD 261711). This is evidence of sequential star formation, making the assignment of a single age to this and other young open clusters unjustified. In particular, we find that the duration of the star formation process in NGC 2264 has been ongoing for much longer than the cluster age of 1 to 5 million years reported in the literature [for example, (18, 19) ].
A clear relation between the seismic observables and evolutionary status for the pre-MS stars emerges, even though our sample is relatively heterogeneous owing to both the mixture of field (12) are shown from 1.5 to 3.0 M ⊙ in steps of 0.1 M ⊙ and are color-coded according to the contribution of gravitational potential energy to the total energy output (as in Fig. 1 ). The amplitude spectra of these nine objects are shown in Fig. 3 using the same labels.
and cluster stars of varying metallicity, as well as different precision for the available data sets. This relation is even clearer when we consider stars formed from the same birth environment, such as members of the young cluster NGC 2264. We have shown with this study that asteroseismology can discern different stages of evolution not only for dying intermediate-mass stars, as was recently found (20 Fig. 3 . NGC 2264 amplitude spectra. Sequence of amplitude spectra for a subset of nine pulsating pre-MS stars in the young cluster NGC 2264 from least evolved (V 589 Mon) to most evolved (HD 261711). In each panel, the x axis shows frequency in mHz, and the amplitudes on the y axes are given in millimagnitudes. The original amplitude spectra are shown in light gray, where all identified pulsation frequencies are marked with black solid lines. The location of the maximum pulsation frequency, f max , for each star is marked with the dashed dark gray line. The small insets show the region immediately around f max in order to illustrate its statistical significance.
